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Abstract
Recent tribological experiments revealed that graphene is able to lubricate macroscale steel-
on-steel sliding contacts very effectively both in dry and humid conditions. This effect has
been attributed to a mechanical action of graphene related to its load-carrying capacity.
Here we provide further insight into the functionality of graphene as lubricant by analysing
its tribochemical action. By means of first principles calculations we show that graphene
binds strongly to native iron surfaces highly reducing their surface energy. Thanks to a
passivating effect, the metal surfaces coated by graphene become almost inert and present
very low adhesion and shear strength when mated in a sliding contact. We generalize the
result by establishing a connection between the tribological and the electronic properties of
interfaces, which is relevant to understand the fundamental nature of frictional forces.
1. Introduction
In recent years the search for novel lubricant materials and coatings has gained increas-
ing importance to face the massive economic and environmental costs related to friction and
wear. Furthermore, the development of miniaturized devices with high surface-to-volume
ratio, such as micro- and nano-electromechanical systems, quests for new solutions for tri-
bological problems like stiction that seriously undermine their functionality. Graphene is
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regarded as a new emerging lubricant with great potentialities in this context.[1, 2] It can
be used as solid, atomic-thick coating or as colloidal liquid lubricant. Its high strength,
chemical stability and easy shear capability make it very appealing for a wide range of
tribological applications, as revealed by the increasing number of experimental[3–15] and
theoretical studies[16–28] on graphene friction. Recent experimental findings, in particular,
revealed that graphene posses a great potential as solid lubricant not only for nano-scale,
but also for macro-scale applications. It has, in fact, been shown that a small amount of
graphene-containing ethanol solution is able to decrease the wear of steel surfaces by four
orders of magnitudes and their coefficient of friction (COF) by a factor of six.[29] The life-
time of the slippery regime decreased with the applied load[30] as also observed in other
previous works.[7, 8, 11, 31, 32]
A possible explanation for these results has been provided by Klements et al.,[27] who com-
bined classical molecular dynamics simulations and AFM experiments on graphene-covered
Pt(111), and showed that the ability of graphene to reduce the COF rests on its ability to
increase the load-carrying capacity of the surface. This reduces the penetration depth of the
tip and consequently the friction and wear. Once the graphene has ruptured, the tribologi-
cal behavior of the bare metal substrate is recovered. Therefore the authors conclude that
graphene can be an excellent coating for low friction and wear as far as it is not damaged.
In this paper we add a new piece of information for understanding the lubricating prop-
erties of graphene at an atomistic level by analysing the role played by the surface chemistry.
We consider iron, which is different from steel, but it may constitute a suitable model for
the native metal surfaces exposed during scratching.[33] We show that graphene chemically
adsorbs on native iron surfaces and its adhesion to the metal substrate is enhanced by
the presence of carbon dangling bonds. By analysing the interaction between iron surfaces
covered by graphene, we observe that the atomic-thick carbon layer is able to screen the
metal-metal interaction and dramatically reduce the interfacial adhesion and shear strength.
Therefore we propose that the lubricating properties of graphene reside in its ability to pas-
sivate the metal surfaces and suggest an alternative explanation for the detrimental role of
load, which is of peeling-off graphene from the surface, thus reducing the graphene coverage.
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Finally, we analyse the electronic charge displacements occurring upon interface formation
and show that an important connection between the interfacial electronic and tribologi-
cal properties can be established, which can open the way to further investigations on the
fundamental nature of the frictional forces.
2. Method
We perform spin-polarized density functional theory (DFT) calculations, where the ionic
species are described by pseudopotentials and the electronic wave-functions expanded in
plane waves.[34] The pseudopotential used for iron contains nonlinear core corrections. On
the basis of test calculations of structural properties of iron bulk and isolated graphene, a
kinetic energy cutoff of 30 Ry (240 Ry) is used to truncate the plane-wave expansion of the
electronic wave functions (charge density). The Brillouin zone samplings of the supercells
used to model graphene layer (GL) and graphene ribbons (GRs) on Fe(110) (described
below) are realized by means of 2 × 1 and 1 × 2 Monkhorst-Pack grids,[35] respectively.
The exchange correlation functional is described by the generalized gradient approximations
(GGA) calculated with the Perdew-Burke-Ernzerhof (PBE) parameterization.[36] We take
into account the van der Waals (vdW) interactions, since they are important to realistically
describe the graphene-graphene interaction. To this aim we use the DFT-D semi-empirical
approach proposed by Grimme, with a scaling factor s6 = 0.75.[37] The results obtain within
the DFT-D scheme are compared with those obtained in the local density (LDA) and PBE
approximations.
The interfaces are constructed by mating two iron slabs (partially) covered by graphene
within the same supercell adopted for surface calculations, this allows to compare total ener-
gies. The large number of electronic states involved in the spin-polarized DFT calculations
of iron interfaces imposes the use of a small number of metal layers in order to make the
calculations computationally affordable: we use four iron layers to simulate interfaces and
two layers for surfaces. The slab bottom layer is held rigid during the relaxation processes.
We examine the effects of such approximation on the surface energy, γ, of iron. The
analysis reported in this paper is, in fact, mainly based on the calculation of surface energy
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differences. The value of γ that we obtain using a slab two-layers thick (2.27 J/m2 ) is very
similar to that obtained using three- and six-layers thick slabs (2.28 J/m2 in both the cases)
and these values are in good agreement both with the experimental data (2.41 J/m2) [38]
and the result of previous calculations (2.46 J/m2). [39]
We investigate the effects of graphene coating on tribological properties of iron interfaces.
The first property that we consider is the work of separation, Wsep, defined as the energy per
unit area required to separate two surfaces from contact to an ideally infinite separation.[40]
In other words, Wsep corresponds to the difference between the formation energy of two
isolated surfaces and the formation energy of an interface: Wsep = γ1 + γ2 − γ12. By
definition, it is assumed that the separated slabs have the same composition of the two slabs
joint together to form the interface, therefore the work of separation can be calculated as
a difference between total energies: Wsep = (E1 + E2 − E12)/A, where A is the supercell
in-plane size, E12 is the total energy of the supercell containing two slabs in contact and E1
(E2) is the total energy of the same supercell containing only the upper (lower) slab (both the
two- and one-slab systems are considered in their optimized configuration, i.e., a relaxation
process is carried out). The thickness of the vacuum region present in the supercell adopted
in our calculation (about 24 A˚ (17 A˚) in the case of one- (two-) slab system) is enough to
isolate the system from its periodic replicas. We calculate Wsep for different relative lateral
positions of the two surfaces in contact. At each location the structural relaxation is carried
out by keeping fixed the bottom layer of the lower slab and optimizing all the other degrees
of freedom except for the (x, y) coordinates of the topmost layer of the upper slab. In this
way, the distance between the two surfaces can reach its equilibrium value, zeq, at each fixed
lateral position. By exploiting the system symmetries and interpolating, we construct the
potential energy surface (PES), Wsep(x, y, zeq), which describes the variation of the work of
separation as a function of surface relative lateral position. The absolute minimum of the
PES is register as the reference value for the work of separation of the considered interface.
The second interfacial quantity that we calculate is the shear strength, i.e., the maximum
resistance to sliding of the interface. It is obtained from the derivative of the PES profile.[41]
We consider the PES profile along the minimum energy path (MEP), which is the path with
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the highest statistical weight that connects the PES minima passing trough saddle points.
The lateral force per unit area experienced by the surface during its displacement, r, along
the MEP is obtained as τMEP = − ∂∂rWsep(r). We register the most negative value of the
periodic function τMEP as the shear strength of the interface under consideration.
3. Results and Discussion
3.1. Graphene adsorption on native iron
We start by considering the adsorption of a graphene layer on the (110) surface of iron,
which is the most stable surface for this material. The geometry of the Fe(110) surface
consists in a distorted hexagonal symmetry, where the nearest neighbor distance among the
surface Fe atoms (2.48 A˚) is quite close to the graphene lattice constant (2.46 A˚). We con-
sider an antiparallel orientation of the graphene layer with respect to the Fe(110) lattice due
to the small mismatch present between the iron (3× 5) and graphene (2× 8) superlattices
(about 2.6% along the [001] direction, where it is maximum). The adsorbed graphene sheet
maintains a planar structure and adsorbs at an equilibrium distance d = 2.11 A˚ from the
surface (Fig. 1a). An average distance d¯ = 2.32 A˚ has been reported for the corrugated
6 × 18 superstructure observed in case of parallel alignment of the graphene and Fe(110)
lattices.[42] According to our calculations, a perpendicular orientation of the two superim-
posed lattices reduces the interfacial commensurability and allows graphene to retain its
planar structure. The DFT-D binding energy for this configuration is Ead = −0.89 J/m2 =
−149 meV/C atom. Such value indicates a relatively strong binging, in agreement with XPS
and NEXAFS observations that show that the electronic structure of graphene adsorbed on
iron is significantly disturbed by the substrate.[42]
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Figure 1: Top and lateral views of the optimized structures of a graphene layer (a) and graphene ribbon
(b) adsorbed on the Fe(110) surface. The (3× 5) (a) and (6× 4) (b) two-dimensional supercells used in the
calculations are marked in white along with the unit cells of the iron surface (continuous line) and graphene
(dashed line).
We are not aware of any previous calculation of graphene adsorption energy on iron.
Graphene adsorption has been studied on Co, Ni and Pd and values of d and Ead similar
to those reported above have been obtained.[43–45] The analysis of the band structure of
graphene on these substrates reveals a strong perturbation due to the hybridization of the
pz orbitals of graphene with the partially occupied d states of the metal. The correspond-
ing bands acquire a mixed graphene-metal character. This demonstrates that graphene
is chemisorbed on these metals. In contrast, if graphene is adsorbed on metals with the
d states fully occupied, as Al, Cu, Ag, Au, its electronic bands can be clearly identified
and the adsorption distance and energy assume typical values of physisorption (d ' 3.3 A˚,
Ead ' −40 meV/C atom).[43] Iron belongs, thus, to the first group of metal subtrates on
top of which graphene chemically adsorbs.
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In addition to a complete graphene monolayer, we consider graphene ribbons on iron. Edge
passivation by hydrogen is not taken into account to resemble the pristine graphene flakes
used in the experiments.[29, 30] Zigzag ribbons with the same orientation of the Fe(110)
surface are simulated using a 6× 4 cell (in terms of the Fe(110) unit cell) and three differ-
ent ribbon widths are considered to mimic different coverages. The optimized adsorption
structure, reported in Fig. 1b, presents the carbon dangling bonds attached to the iron sur-
face. The calculated adhesion energy for the ribbon of Fig. 1b, which covers 45% of the
surface, is 63% higher in absolute value than that of an infinite layer adsorbed on the same
surface. As shown in the supplemental information (SI), the adhesion energy presents a
small variation as a function of the ribbon width, indicating that the adhesion of ribbons
is dominated by the edge binding to the substrate. The comparative analysis among the
energetics obtained within PBE, PBE+vdW and LDA, reported as SI, reveals that the PBE
(PBE+vdW) approximation is the most appropriate to describe clean (graphene-covered)
iron surfaces.
3.2. Effects of graphene coating on interfacial adhesion and shear strength
Having characterized graphene adsorption on the surface, we consider the effects of
graphene on interfacial properties. The interface is modelled by mating two optimized
surfaces and then relaxing the whole structure. The optimized structure obtained for the
clean iron interface is shown in Fig. 2a, where interfacial properties calculated within the
PBE approximation are also reported. The most favorable relative lateral position of the
two mated (110) surfaces turned out to be that corresponding to the stacking position as-
sumed by subsequent (110) planes in bulk iron and the equilibrium distance, zeq, reached
by the Fe interfacial layers (indicated by red arrows) at the end of the relaxation process
corresponds to the typical separation of the bulk atomic planes along the [110] direction.
The calculated work of separation is equal to twice the surface energy, as expected from the
definition of Wsep. These results confirm the validity of both our model for solid interfaces
and the approach adopted to derive the work of separation from first principles.
© 2016. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/
zeq= 4.6 Å    Wsep= 1.0 J/m2!
 
zeq= 2.1 Å  !
Wsep= 4.6 J/m2!
 
zeq= 7.3 Å    Wsep= 0.5 J/m2!
 
a)! b)! c)!
Figure 2: Optimized structures of iron interfaces obtained by mating two clean Fe(110) surfaces (a) a clean
and a graphene-coated surface (b) and two surfaces coated by graphene (c). The equilibrium distance, zeq,
reached by the innermost iron layers after the structural relaxation process (indicated by a red arrow) and
the work of adhesion, Wsep, are calculated with the PBE approximation in (a) and within the PBE+vdW
scheme in (b, c).
We, then, construct a second interface by mating a clean iron surface and a surface
fully covered by graphene (Fig.2b). It is very interesting to observe that the presence of an
interfacial graphene layer is able to decrease the interfacial adhesion by 78%. The adhesion
reduction reaches the 88% when both the surfaces in contact are coated by graphene, in this
case the distance between the mated iron surfaces becomes as large as 7.3 A˚ (Fig. 2c). This
last situation is representative of a condition often occurring during pin-on-disc experiments,
where part of the powder lubricant is transferred from the substrate to the sliding pin.
The above analysis reveals that the surface coverage by graphene is able to dramatically
reduce the adhesion of iron surfaces and this impacts on the frictional properties, as shown in
the following. During sliding, the adhesion energy between two surfaces in contact varies with
their relative lateral position and this energy variation gives rise to frictional forces. In Fig. 3
the PESes describing the work of separation as a function of the relative displacement of two
clean (a) and graphene-covered (b) iron surfaces are compared. The different symmetries of
the two PESes reflect those of the Fe(110) and graphene lattices, respectively. But the most
striking difference regards the PES corrugation, which is more than thirty times higher in
the PES of Fig.3a than that of Fig. 3b. The MEP traced on the second PES is almost flat
compared to that in the first one, as can be seen from the energy profiles at the bottom of
Fig. 3, which cover energy-scales that differ by two orders of magnitude. By derivative of
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the potential profiles we obtain the ideal shear strengths along the MEPs that we assume as
representative values for the shear strengths of the considered interfaces. We obtain τMEP
= 9.20 GPa for the clean iron interface, in agreement with previous DFT results derived by
a different method based on the calculation of the Hellmann Feynman stress tensor.[46, 47]
The shear strength obtained for the iron interface covered by graphene is 98% lower: τMEP =
0.17 GP. We, thus, conclude that iron coating by graphene is extremely effective at reducing
the intrinsic resistance to sliding of iron interfaces.
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Figure 3: Potential energy surfaces (PESes) describing the variation of the interfacial work of separation
(in J/m2) as a function of the relative lateral position of two clean (a) graphene-coated (b) iron surfaces
in contact. The energy profiles along the MEPes (traced in white color on each PES) are reported at the
bottom of the figure. Different energy-scales are used.
3.3. Correlation between the interfacial electronic charge and tribological properties
To investigate the microscopic origin of the adhesion and friction reduction provided
by the graphene coating, we first analyse the nature of the surface-surface interactions and
© 2016. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/
then the electronic charge displacements occurring upon interface formation. In Fig. 4 the
adhesion energy per unit area between two facing surfaces (corresponding to the opposite of
Wsep) is reported as a function of their separation. The comparison of the blue and black
curves, corresponding respectively to clean and graphene-coated iron interfaces, reveals that
the graphene coverage changes the nature of the surface-surface interaction from chemical
to physical. The black curve resembles, in fact, the curve describing the interaction between
two isolated graphene layers (in red). Therefore, the graphene coating is able to passivate
the iron surfaces very effectively, screening almost completely the metal-metal interaction at
the interface. This may suggest that sliding micro-asperities fully covered by graphene may
show similar friction anisotropy and “superlubricity” as observed in graphite.[24, 48, 49]
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Figure 4: Surface interaction energy as a function of separation for the interfaces of Figs. 1a and 1c (blue
and black lines). The binding energy curve for an isolated graphene bilayer is also displayed for comparison
(red line).
When two semi-infinite bulks are mated into an interface an electronic charge redistri-
bution occurs at their surfaces due the mutual interaction. Monitoring such charge redistri-
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butions provides fundamental insights into the microscopic origin of adhesion and frictional
forces. The interfacial charge displacements can be obtained by first principles calculations
as the difference between the electronic charge of the interface and the sum of the electronic
charges of the two isolated surfaces: ∆ρ(r) = ρ12(r) − (ρ1(r) + ρ2(r)). In Fig.5 we plot
the in-plane average ∆ρ¯(z) = ∆ρ(z)/A, where ∆ρ(z) is obtained by in-plane integration of
∆ρ(r) and A is the surface area.
Fe!
Fe!
Fe!
Fe!
a)!
b)!
Figure 5: Planar average of the electronic charge displacements occurring upon formation of a clean (a) and
a graphene-passivated (b) iron interfaces. The white central areas correspond to the optimized interfacial
spacings. Black and red colors are used for the charge displacements calculated respectively for the most
and less favorable lateral positions of the two surfaces in contact.
By comparing the results obtained for the clean iron interface (panel a) with that ob-
tained for the iron interface coated by graphene (panel b), we can observe two features: i)
When two surfaces are brought into contact, a charge accumulation is set up at the middle
of the interface and the height of the central peak, ∆ρ¯(z = 0), is proportional to the mag-
nitude of the interfacial adhesion, Wsep (note that two different scales are used). ii) The
charge accumulation is higher for a relative lateral position of the two surfaces corresponding
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to a PES minimum (black curves) than for a PES maximum (red curves). The difference
between the maximum and minimum heights of the ∆ρ¯(z = 0) peaks is proportional to the
potential corrugation, ∆Wsep. As we describe in a forthcoming article, these two properties
have general validity, i.e. they hold true in different materials. For the specific case we are
considering, we can observe that the effect of surface passivation by graphene is to prevent
the charge flow from the surfaces in contact towards the interface, such inhibition of charge
accumulation reduces the adhesion and friction of iron interfaces.
3.4. Adhesion dependence on graphene coverage
We conclude our investigation on the effects of graphene coating on interfacial properties
by analysing their dependence on graphene coverage. We consider partial graphene coverage
by modeling iron interfaces containing graphene ribbons. The optimized structures shown in
Fig. 6 reveal that the ribbons remain attached to the original substrate despite the presence
of an iron counter-surface.
Figure 6: Work of separation of iron interfaces as a function of graphene coverage. Partial coating is obtained
by considering adsorbed graphene ribbons.
The works of separation, reported in Fig. 6, reveal that the iron adhesion is considerably
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reduced even in the case of partial surface coverage. The data trend, which is common to
all the three considered approximations (LDA, PBE and PBE+vdW), highlights a dramatic
decrease of the interfacial adhesion with graphene coverage. This result suggests that the
lubricating property of graphene, if ruled by the chemical interactions above described,
should be highly affected by the coverage.
4. Conclusions
In conclusion, we show that graphene chemisorbs on the iron surface and its binding is
enhanced by reactive dangling bonds, as those present in pristine graphene flakes used in the
colloidal lubricant. By comparing the interaction potential between two clean and graphene-
coated iron surfaces, we show that the surface passivation by graphene is able to change the
nature of the surface-surface interaction from chemical to physical with a consequent drop of
interfacial adhesion that can reach the 88% in case of full interfacial coverage. This adhesion
reduction is accompanied by a 98% decrease of the ideal shear strength. We show that a
close correlation exists between the adhesion and the electronic charge accumulated at the
interface. Moreover, the evolution of the charge accumulation during sliding is proportional
to the frictional forces. The calculated adhesion and friction reductions are less consistent,
but still present, in the case of partial interfacial coverage.
Our results are consistent with the Raman analysis performed after the tribological test,[30]
which indicates that during the low-friction regime graphene covers uniformly the wear
track, while it is removed out from the track in the high-friction regime. We, thus, propose
an explanation for the detrimental effect of load, which is alternative to that proposed by
Klements et al.[27] and consists in peeling off graphene from the surface. This reduces the
surface coverage by graphene and hence the passivation effect that provides lubricity.
We conclude by observing that the beneficial effect of surface passivation on the frictional
properties of materials is not a new concept in tribology, as revealed for example by several
studies on the tribochemistry of diamond/DLC in the presence of passivating species like
hydrogen and water molecules.[50, 51] Our results show that a lubricating effect of simi-
lar chemical nature, i.e. due to passivation independently from graphene rupture, can be
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obtained by coating reactive metal surfaces by graphene.
Acknowledgments
We acknowledge the CINECA consortium for the availability of high performance com-
puting resources and support through the ISCRA-B TRIBOGMD and ISCRA-C TIGra
projects.
Appendix A. Supplementary data
Supplementary data related to this article.
References
References
[1] D. Berman, A. Erdemir, A. V. Sumant, Graphene: a new emerging lubricant, Materials Today 17 (1)
(2014) 31 – 42. doi:10.1016/j.mattod.2013.12.003.
URL http://www.sciencedirect.com/science/article/pii/S1369702113004574
[2] N. D. Spencer, W. T. Tysoe, The Cutting Edge of Tribology: A Decade of Progress in Friction,
Lubrication and Wear, World Scientific, 2015.
[3] T. Filleter, J. L. McChesney, A. Bostwick, E. Rotenberg, K. V. Emtsev, T. Seyller, K. Horn, R. Ben-
newitz, Friction and dissipation in epitaxial graphene films, Phys. Rev. Lett. 102 (2009) 086102.
doi:10.1103/PhysRevLett.102.086102.
URL http://link.aps.org/doi/10.1103/PhysRevLett.102.086102
[4] H. Lee, N. Lee, Y. Seo, J. Eom, S. Lee, Comparison of frictional forces on graphene and graphite,
Nanotechnology 20 (32) (2009) 325701.
URL http://stacks.iop.org/0957-4484/20/i=32/a=325701
[5] Q. Li, C. Lee, R. W. Carpick, J. Hone, Substrate effect on thickness-dependent friction on graphene,
physica status solidi (b) 247 (11-12) (2010) 2909–2914. doi:10.1002/pssb.201000555.
URL http://dx.doi.org/10.1002/pssb.201000555
[6] C. Lee, Q. Li, W. Kalb, X.-Z. Liu, H. Berger, R. W. Carpick, J. Hone, Frictional characteristics
of atomically thin sheets, Science 328 (5974) (2010) 76–80. arXiv:http://www.sciencemag.org/
content/328/5974/76.full.pdf, doi:10.1126/science.1184167.
URL http://www.sciencemag.org/content/328/5974/76.abstract
© 2016. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/
[7] K.-S. Kim, H.-J. Lee, C. Lee, S.-K. Lee, H. Jang, J.-H. Ahn, J.-H. Kim, H.-J. Lee, Chemical vapor
deposition-grown graphene: The thinnest solid lubricant, ACS Nano 5 (6) (2011) 5107–5114, pMID:
21545092. arXiv:http://dx.doi.org/10.1021/nn2011865, doi:10.1021/nn2011865.
URL http://dx.doi.org/10.1021/nn2011865
[8] L.-Y. Lin, D.-E. Kim, W.-K. Kim, S.-C. Jun, Friction and wear characteristics of multi-layer graphene
films investigated by atomic force microscopy, Surface and Coatings Technology 205 (20) (2011) 4864
– 4869. doi:http://dx.doi.org/10.1016/j.surfcoat.2011.04.092.
URL http://www.sciencedirect.com/science/article/pii/S0257897211004488
[9] X. Feng, S. Kwon, J. Y. Park, M. Salmeron, Superlubric sliding of graphene nanoflakes on graphene,
ACS Nano 7 (2) (2013) 1718–1724, pMID: 23327483. arXiv:http://dx.doi.org/10.1021/nn305722d,
doi:10.1021/nn305722d.
URL http://dx.doi.org/10.1021/nn305722d
[10] Z. Deng, A. Smolyanitsky, Q. Li, X.-Q. Feng, R. J. Cannara, Adhesion-dependent negative friction
coefficient on chemically modified graphite at the nanoscale, Nature Materials 11 (12) (2012) 1032–
1037. doi:http://dx.doi.org/10.1038/nmat3452.
[11] D. Marchetto, C. Held, F. Hausen, F. Whlisch, M. Dienwiebel, R. Bennewitz, Friction and wear on
single-layer epitaxial graphene in multi-asperity contacts, Tribology Letters 48 (1) (2012) 77–82. doi:
10.1007/s11249-012-9945-4.
URL http://dx.doi.org/10.1007/s11249-012-9945-4
[12] D. Berman, A. Erdemir, A. V. Sumant, Graphene as a protective coating and superior lubricant for
electrical contacts, Applied Physics Letters 105 (23). doi:http://dx.doi.org/10.1063/1.4903933.
URL http://scitation.aip.org/content/aip/journal/apl/105/23/10.1063/1.4903933
[13] D. Marchetto, T. Feser, M. Dienwiebel, Microscale study of frictional properties of graphene in ultra
high vacuum, Friction 3 (2) (2015) 161–169. doi:10.1007/s40544-015-0080-8.
URL http://dx.doi.org/10.1007/s40544-015-0080-8
[14] J. Ota, S. K. Hait, M. I. S. Sastry, S. S. V. Ramakumar, Graphene dispersion in hydrocarbon
medium and its application in lubricant technology, RSC Adv. 5 (2015) 53326–53332. doi:10.1039/
C5RA06596H.
URL http://dx.doi.org/10.1039/C5RA06596H
[15] S. Liang, Z. Shen, M. Yi, L. Liu, X. Zhang, S. Ma, In-situ exfoliated graphene for high-performance
water-based lubricants, Carbon 96 (2016) 1181 – 1190. doi:http://dx.doi.org/10.1016/j.carbon.
2015.10.077.
URL http://www.sciencedirect.com/science/article/pii/S0008622315303870
[16] Y. Guo, W. Guo, C. Chen, Modifying atomic-scale friction between two graphene sheets: A molecular-
© 2016. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/
force-field study, Phys. Rev. B 76 (2007) 155429. doi:10.1103/PhysRevB.76.155429.
URL http://link.aps.org/doi/10.1103/PhysRevB.76.155429
[17] F. Bonelli, N. Manini, E. Cadelano, L. Colombo, Atomistic simulations of the sliding friction of graphene
flakes, The European Physical Journal B 70 (4) (2009) 449–459. doi:10.1140/epjb/e2009-00239-7.
URL http://dx.doi.org/10.1140/epjb/e2009-00239-7
[18] L. Xu, T.-B. Ma, Y.-Z. Hu, H. Wang, Vanishing stickslip friction in few-layer graphenes: the thickness
effect, Nanotechnology 22 (28) (2011) 285708.
URL http://stacks.iop.org/0957-4484/22/i=28/a=285708
[19] L. Xu, T. bao Ma, Y. zhong Hu, H. Wang, Molecular dynamics simulation of the interlayer sliding
behavior in few-layer graphene, Carbon 50 (3) (2012) 1025 – 1032. doi:http://dx.doi.org/10.
1016/j.carbon.2011.10.006.
URL http://www.sciencedirect.com/science/article/pii/S0008622311008256
[20] P. Liu, Y. Zhang, A theoretical analysis of frictional and defect characteristics of graphene probed by a
capped single-walled carbon nanotube, Carbon 49 (11) (2011) 3687 – 3697. doi:http://dx.doi.org/
10.1016/j.carbon.2011.05.004.
URL http://www.sciencedirect.com/science/article/pii/S0008622311003484
[21] A. Smolyanitsky, J. P. Killgore, V. K. Tewary, Effect of elastic deformation on frictional properties of
few-layer graphene, Phys. Rev. B 85 (2012) 035412. doi:10.1103/PhysRevB.85.035412.
URL http://link.aps.org/doi/10.1103/PhysRevB.85.035412
[22] M. Reguzzoni, A. Fasolino, E. Molinari, M. C. Righi, Friction by shear deformations in multilayer
graphene, The Journal of Physical Chemistry C 116 (39) (2012) 21104–21108. arXiv:http://dx.doi.
org/10.1021/jp306929g, doi:10.1021/jp306929g.
URL http://dx.doi.org/10.1021/jp306929g
[23] M. Reguzzoni, A. Fasolino, E. Molinari, M. C. Righi, Potential energy surface for graphene on graphene:
Ab initio derivation, analytical description, and microscopic interpretation, Phys. Rev. B 86 (2012)
245434. doi:10.1103/PhysRevB.86.245434.
URL http://link.aps.org/doi/10.1103/PhysRevB.86.245434
[24] O. Hod, Interlayer commensurability and superlubricity in rigid layered materials, Phys. Rev. B 86
(2012) 075444. doi:10.1103/PhysRevB.86.075444.
URL http://link.aps.org/doi/10.1103/PhysRevB.86.075444
[25] I. Leven, D. Krepel, O. Shemesh, O. Hod, Robust superlubricity in graphene/h-bn heterojunctions,
The Journal of Physical Chemistry Letters 4 (1) (2013) 115–120, pMID: 26291222. arXiv:http:
//dx.doi.org/10.1021/jz301758c, doi:10.1021/jz301758c.
URL http://dx.doi.org/10.1021/jz301758c
© 2016. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/
[26] S. Cahangirov, S. Ciraci, V. O. O¨zc¸elik, Superlubricity through graphene multilayers between ni(111)
surfaces, Phys. Rev. B 87 (2013) 205428. doi:10.1103/PhysRevB.87.205428.
URL http://link.aps.org/doi/10.1103/PhysRevB.87.205428
[27] A. Klemenz, L. Pastewka, S. G. Balakrishna, A. Caron, R. Bennewitz, M. Moseler, Atomic scale
mechanisms of friction reduction and wear protection by graphene, Nano Letters 14 (12) (2014) 7145–
7152, pMID: 25375666. arXiv:http://dx.doi.org/10.1021/nl5037403, doi:10.1021/nl5037403.
URL http://dx.doi.org/10.1021/nl5037403
[28] S. Cahangirov, S. Ciraci, Superlubricity in layered nanostructures, in: E. Gnecco, E. Meyer (Eds.),
Fundamentals of Friction and Wear on the Nanoscale, NanoScience and Technology, Springer Interna-
tional Publishing, 2015, pp. 463–487. doi:10.1007/978-3-319-10560-4\_21.
URL http://dx.doi.org/10.1007/978-3-319-10560-4_21
[29] D. Berman, A. Erdemir, A. V. Sumant, Few layer graphene to reduce wear and friction on sliding steel
surfaces, Carbon 54 (0) (2013) 454–459. doi:10.1016/j.carbon.2012.11.061.
URL http://www.sciencedirect.com/science/article/pii/S0008622312009529
[30] D. Berman, A. Erdemir, A. V. Sumant, Reduced wear and friction enabled by graphene layers on sliding
steel surfaces in dry nitrogen, Carbon 59 (0) (2013) 167–175. doi:10.1016/j.carbon.2013.03.006.
URL http://www.sciencedirect.com/science/article/pii/S0008622313002108
[31] Y. J. Shin, R. Stromberg, R. Nay, H. Huang, A. T. Wee, H. Yang, C. S. Bhatia, Frictional characteristics
of exfoliated and epitaxial graphene, Carbon 49 (12) (2011) 4070 – 4073. doi:http://dx.doi.org/
10.1016/j.carbon.2011.05.046.
URL http://www.sciencedirect.com/science/article/pii/S000862231100409X
[32] F. Whlisch, J. Hoth, C. Held, T. Seyller, R. Bennewitz, Friction and atomic-layer-scale wear of graphitic
lubricants on sic(0001) in dry sliding, Wear 300 (12) (2013) 78 – 81. doi:http://dx.doi.org/10.1016/
j.wear.2013.01.108.
URL http://www.sciencedirect.com/science/article/pii/S0043164813001300
[33] D. Philippon, M.-I. De Barros-Bouchet, T. Le Mogne, O. Lerasle, a. Bouffet, J.-M. Martin, Role of
nascent metallic surfaces on the tribochemistry of phosphite lubricant additives, Tribology International
44 (6) (2011) 684–691. doi:10.1016/j.triboint.2009.12.014.
URL http://linkinghub.elsevier.com/retrieve/pii/S0301679X0900351X
[34] P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni, D. Ceresoli, G. L. Chiarotti,
M. Cococcioni, I. Dabo, A. D. Corso, S. de Gironcoli, S. Fabris, G. Fratesi, R. Gebauer, U. Gerst-
mann, C. Gougoussis, A. Kokalj, M. Lazzeri, L. Martin-Samos, N. Marzari, F. Mauri, R. Mazzarello,
S. Paolini, A. Pasquarello, L. Paulatto, C. Sbraccia, S. Scandolo, G. Sclauzero, A. P. Seitsonen, A. Smo-
gunov, P. Umari, R. M. Wentzcovitch, Quantum espresso: a modular and open-source software project
© 2016. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/
for quantum simulations of materials, Journal of Physics: Condensed Matter 21 (39) (2009) 395502,
http://www.quantum-espresso.org. doi:10.1088/0953-8984/21/39/395502.
URL http://iopscience.iop.org/0953-8984/21/39/395502
[35] H. J. Monkhorst, J. D. Pack, Special points for brillouin-zone integrations, Phys. Rev. B 13 (1976)
5188–5192. doi:10.1103/PhysRevB.13.5188.
URL http://link.aps.org/doi/10.1103/PhysRevB.13.5188
[36] J. P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made simple, Phys. Rev.
Lett. 77 (1996) 3865–3868. doi:10.1103/PhysRevLett.77.3865.
URL http://link.aps.org/doi/10.1103/PhysRevLett.77.3865
[37] S. Grimme, Semiempirical gga-type density functional constructed with a long-range dispersion correc-
tion, Journal of Computational Chemistry 27 (15) (2006) 1787–1799. doi:10.1002/jcc.20495.
URL http://dx.doi.org/10.1002/jcc.20495
[38] W. Tyson, W. Miller, Surface free energies of solid metals: Estimation from liquid surface tension mea-
surements, Surface Science 62 (1) (1977) 267 – 276. doi:http://dx.doi.org/10.1016/0039-6028(77)
90442-3.
URL http://www.sciencedirect.com/science/article/pii/0039602877904423
[39] S. Schnecker, X. Li, B. Johansson, S. K. Kwon, L. Vitos, Thermal surface free energy and stress of
iron, Scientific Reports 5 (2015) 14860. doi:http://dx.doi.org/10.1038/srep14860.
URL http://www.nature.com/articles/srep14860
[40] I. G. Batyrev, A. Alavi, M. W. Finnis, Equilibrium and adhesion of nb/sapphire: The effect of oxygen
partial pressure, Phys. Rev. B 62 (2000) 4698–4706. doi:10.1103/PhysRevB.62.4698.
URL http://link.aps.org/doi/10.1103/PhysRevB.62.4698
[41] G. Zilibotti, M. C. Righi, Ab initio calculation of the adhesion and ideal shear strength of planar dia-
mond interfaces with different atomic structure and hydrogen coverage, Langmuir 27 (11) (2011) 6862–
6867, pMID: 21545120. arXiv:http://dx.doi.org/10.1021/la200783a, doi:10.1021/la200783a.
URL http://dx.doi.org/10.1021/la200783a
[42] N. A. Vinogradov, A. A. Zakharov, V. Kocevski, J. Rusz, K. A. Simonov, O. Eriksson, A. Mikkelsen,
E. Lundgren, A. S. Vinogradov, N. Ma˚rtensson, A. B. Preobrajenski, Formation and structure of
graphene waves on fe(110), Phys. Rev. Lett. 109 (2012) 026101. doi:10.1103/PhysRevLett.109.
026101.
URL http://link.aps.org/doi/10.1103/PhysRevLett.109.026101
[43] P. A. Khomyakov, G. Giovannetti, P. C. Rusu, G. Brocks, J. van den Brink, P. J. Kelly, First-principles
study of the interaction and charge transfer between graphene and metals, Phys. Rev. B 79 (2009)
195425. doi:10.1103/PhysRevB.79.195425.
© 2016. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/
URL http://link.aps.org/doi/10.1103/PhysRevB.79.195425
[44] Y. Gamo, A. Nagashima, M. Wakabayashi, M. Terai, C. Oshima, Atomic structure of monolayer
graphite formed on ni(111), Surface Science 374 (13) (1997) 61–64. doi:http://dx.doi.org/10.
1016/S0039-6028(96)00785-6.
URL http://www.sciencedirect.com/science/article/pii/S0039602896007856
[45] J. Wintterlin, M.-L. Bocquet, Graphene on metal surfaces, Surface Science 603 (1012) (2009) 1841 –
1852. doi:http://dx.doi.org/10.1016/j.susc.2008.08.037.
URL http://www.sciencedirect.com/science/article/pii/S003960280900079X
[46] S. Ogata, J. Li, N. Hirosaki, Y. Shibutani, S. Yip, Ideal shear strain of metals and ceramics, Phys. Rev.
B 70 (2004) 104104. doi:10.1103/PhysRevB.70.104104.
URL http://link.aps.org/doi/10.1103/PhysRevB.70.104104
[47] D. M. Clatterbuck, D. C. Chrzan, J. W. Morris Jr., The ideal strength of iron in tension and shear, Acta
Materialia 51 (8) (2003) 2271–2283. doi:http://dx.doi.org/10.1016/S1359-6454(03)00033-8.
URL http://www.sciencedirect.com/science/article/pii/S1359645403000338
[48] M. Dienwiebel, G. S. Verhoeven, N. Pradeep, J. W. M. Frenken, J. A. Heimberg, H. W. Zandbergen,
Superlubricity of graphite, Phys. Rev. Lett. 92 (2004) 126101. doi:10.1103/PhysRevLett.92.126101.
URL http://link.aps.org/doi/10.1103/PhysRevLett.92.126101
[49] G. S. Verhoeven, M. Dienwiebel, J. W. M. Frenken, Model calculations of superlubricity of graphite,
Phys. Rev. B 70 (2004) 165418. doi:10.1103/PhysRevB.70.165418.
URL http://link.aps.org/doi/10.1103/PhysRevB.70.165418
[50] A. R. Konicek, D. S. Grierson, P. U. P. A. Gilbert, W. G. Sawyer, A. V. Sumant, R. W. Carpick,
Origin of ultralow friction and wear in ultrananocrystalline diamond, Phys. Rev. Lett. 100 (2008)
235502. doi:10.1103/PhysRevLett.100.235502.
URL http://link.aps.org/doi/10.1103/PhysRevLett.100.235502
[51] M.-I. D. B. Bouchet, G. Zilibotti, C. Matta, M. C. Righi, L. Vandenbulcke, B. Vacher, J.-M. Martin,
Friction of diamond in the presence of water vapor and hydrogen gas. coupling gas-phase lubrication
and first-principles studies, The Journal of Physical Chemistry C 116 (12) (2012) 6966–6972. doi:
10.1021/jp211322s.
© 2016. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/
